Chemically cleaned GaP͑001͒ surfaces in 25% NH 4 OH solution have been studied using spectroscopic ellipsometry ͑SE͒, ex situ atomic force microscopy ͑AFM͒, x-ray photoelectron spectroscopy ͑XPS͒, and wettability measurement techniques. The SE data clearly indicate that the solution causes removal of the native oxide film immediately upon immersing the sample. The SE data also indicate that when the native oxide film is completely etch removed, the resulting surface is still roughened. The estimated roughness thickness is ϳ1.2 nm, in excellent agreement with the AFM rms value ͑ϳ1.2 nm͒. The XPS spectra confirm the removal of the native oxide from the GaP surface. The XPS data also suggest a thin oxide overlayer, ϳ0.3 nm thick, on the etch-cleaned GaP surface. The wettability measurements indicate that the as-degreased surface is hydrophobic, while the NH 4 OH-cleaned surface is hydrophilic. This result is in direct contrast to those obtained from acid cleaned surfaces, which are usually hydrophobic. The origin of hydrophilicity may be singular and associated hydroxyl groups bonded on the GaP surface.
I. INTRODUCTION
Gallium phosphide ͑GaP͒ is commercially one of the most important III-V semiconductors because of its application to electroluminescent and high-temperature electron devices. Because of its highly chemically reactive nature, GaP is easily oxidized in room air with the formation of the native oxide film several nanometers thick. Therefore, the removal of the native oxide from the GaP surface is critical to various device fabrications.
Several cleaning techniques are available for the III-V semiconductors, for example, chemical cleaning, thermal cleaning, and atomic hydrogen irradiation. [1] [2] [3] Among them, chemical cleaning is the simplest and easiest to control and has been widely applied to GaAs, 2,4-11 InP, 3, 10, [12] [13] [14] GaSb, 15 InAs, 16 InSb, 17 GaN, [18] [19] [20] and AlN. 19, 20 The chemicals used in these studies are mainly acidic solutions ͑HCl, HF, H 2 SO 4 /H 2 O 2 , etc.͒.
Alkaline solutions ͑NH 4 OH and KOH͒ are also used to prepare clean surfaces on GaAs, 21, 22 GaN, 23 and AlGaN. 24 It has been shown that abrupt GaAs͑001͒ surface is stable against the development of pervasive microroughness in a KOH solution ͑pH ϳ 14͒, while strong acids ͑pH ϳ 0͒ produce deep microroughness. 25 Alkaline-cleaned GaAs surfaces are hydrophilic, 21 in direct contrast to those cleaned in acidic solutions. 2, 8 A useful guide to references of wet chemical cleaning has been given by Clawson 26 who presented some of the works done on III-V semiconductors, including some of the ternary and quaternary alloys. However, the literature discussing on the surface cleaning of GaP is still limited. Only a report has been published on the chemical cleaning of GaP surface in acidic solution ͑HCl͒. 27 No similar study in alkaline solution has been performed to date.
In this article, we report on the chemical treatment effects of GaP͑001͒ surfaces in NH 4 OH solution studied using spectroscopic ellipsometry ͑SE͒, ex situ atomic force microscopy ͑AFM͒, x-ray photoelectron spectroscopy ͑XPS͒, and wettability techniques. SE is a highly surface-sensitive technique which enables detection of not only submonolayer coverage of a surface by adsorbed species 28, 29 but also the surface roughness of its size smaller than the wavelength of light. 30 An ambient-type AFM does not require special care in sample preparation but has sufficient resolution for evaluating atomic-scale roughness. We thus use AFM to independently assess surface morphology changes that result from NH 4 OH etching and that enter into our optical modeling using SE data. We also use XPS to give an overview of the core-level XPS lines on the NH 4 OH-cleaned surfaces.
II. EXPERIMENT
The samples used in this study were n-type Te-doped GaP͑001͒ wafers with resistivity of ϳ0.15 ⍀ cm. The asreceived wafers were first degreased with organic solvents in an ultrasonic bath and then rinsed with de-ionized water. No further cleaning of the sample surface was performed. The sample surfaces to be studied were, then, covered with an ϳ2 nm thick native oxide film. Note that this value was determined by SE and thus the effective thickness, modeled as an equivalent dielectric layer of GaP oxide, was not the actual one.
The concentration of the NH 4 OH solution was 25%. Large quantities of the solution were prepared to prevent the etching solution from varying during the experiments. Etching experiments were performed at room temperature and in room light. After the chemical treatment, the samples were rinsed in de-ionized water.
The NH 4 OH-treated samples were immediately characterized by the SE, AFM, XPS, and wettability measurements.
The SE instrument used was of the rotating-analyzer type ͑DVA-36VW-A, Mizojiri Optical, Co., Ltd.͒. A 150 W xenon lamp was used as the light source. The SE measurement was then performed in the 1.2-5.2 eV photon-energy range at 300 K. The angle of incidence and the polarizer azimuth were set at 70°and 45°, respectively.
The microscopic structures of the NH 4 OH-treated GaP͑001͒ surfaces were examined by the AFM ͑Digital Instruments Nanoscope III͒. The AFM images were acquired in the tapping mode and in the repulsive force regime. The XPS measurements were performed with an ULVAC-PHI Model 5600 spectrometer equipped with an Al K␣ ͑1486.6 eV͒ line as an x-ray source. The takeoff angle of photoelectrons was 45°. Gallium 2p and P 2p core levels were mainly examined. Wettability measurements were made on a commercial contact-angle measurement apparatus, Kyowa Interface Science Co., Ltd. The mass of the de-ionized-water drop was about 0.004 g.
III. RESULTS AND DISCUSSION

A. Spectroscopic ellipsometry
The pseudodielectric function, ͗͑E͒͘ = ͗ 1 ͑E͒͘ + i͗ 2 ͑E͒͘, is a quantity derived from SE data by means of the two-phase ͑ambient/substrate͒ model. It is exactly equal to the true bulk dielectric function of a given sample if its surface is perfectly abrupt and oxide-free. Note that such an ideal condition could never be achieved in practice. Figure 1 shows the pseudodielectric-function spectra ͗͑E͒͘ for GaP͑001͒ surface treated in NH 4 OH solution for t = 1 and 2 s, together with that obtained from as-received sample ͑t =0 s͒. For comparison, the ͗͑E͒͘ spectrum for a clean, nearly flat GaP surface is shown by the bold solid lines. 31, 32 We can see in Fig. 1 at least four critical points in the ͗͑E͒͘ spectra, E 0 ͑ϳ2.76 eV͒, E 1 ͑ϳ3.71 eV͒, E 0 Ј ͑ϳ4.74 eV͒, and E 2 ͑ϳ5.28 eV͒. These critical points arise from singularities in the joint density of states. 33, 34 Since the spin-orbit-splitting energies ͑⌬ 0 , ⌬ 1 , and ⌬ 0 Ј͒ in the P-based III-V semiconductors ͑GaP, InP, etc.͒ are extremely small, no clear observations relating these energy gaps have been reported. 34 The imaginary part of the pseudodielectric function at the E 2 ͑or E 0 Ј͒ peak maximum, ͗͑E 2 ͒͘, is a sensitive and unambiguous indication of the sharpness of the dielectric discontinuity between the substrate and ambient. The SE measurement, therefore, can yield direct information about the relative quality of surface regions prepared by different methods. 35 In Fig. 1 , the ͗͑E 2 ͒͘ value immediately increases as the sample is immersed in the solution, showing a maximum value of ͗͑E 2 ͒͘ ϳ 23 for t = 2 s, and keeps this value with further increase of immersion time up to 60 s ͑longest time we measured, not shown in Fig. 1͒ .
To provide more quantitative information on the spectral difference of ͗͑E͒͘, we solved Fresnel's equation under the assumption of a three-layer ͑ambient/overlayer/bulk GaP͒ model. An oxide overlayer or a roughened surface overlayer was taken into consideration. The native oxide or roughened overlayer thickness was numerically determined by minimizing the following mean squares deviation with a linear regression analysis ͑LRA͒ program:
where N is the number of data points and P is the number of unknown parameters. The optical constants of GaP and its native oxide used in the analysis are taken from Refs. 31 and 32 ͑GaP͒ and from Refs. 37 and 38 ͑native oxide͒, respectively. Because of no experimental data on the optical constants of the native GaP oxide, we used the dielectric constants of the anodic GaP oxide formed in a diluted orthophosphoric acid/ H 3 PO 4 electrolyte. 37 The solid lines in Fig. 2 show the analyzed results of the three-layer model with the native oxide as the overlayer for the as-degreased sample. The measured SE data are plotted by the open circles. The ͗͑E͒͘ spectrum taken for clean, nearly abrupt GaP surface is also shown by the dashed lines. From this analysis, we obtain an apparent GaP oxide overlayer thickness of d ox ϳ 1.9 nm with an unbiased estimator of = 0.033. The three-layer analysis result for a sample treated in NH 4 OH solution for t = 2 s is shown in Fig. 3͑a͒ Fig. 4 that the removal of the native oxide is achieved by immersing upon the sample in the NH 4 OH solution. However, we have never obtained a bare GaP surface ͑i.e., d ox ϳ 0 nm͒ even after enough etching. One possible reason for this is because our NH 4 OH treatment indeed removes the native oxide and leaves a bare GaP surface, but as soon as the sample is brought out into the air in order to set on a SE goniometer a new oxide may start to grow during SE measurement ͑ഛ5 min͒. A roughened surface overlying layer may also cause reduction in the ͗͑E͒͘ strength, thus giving d ox 0 nm.
To take account of the effect of roughened surface overlayer, we used an effective medium approximation ͑EMA͒ with the three-layer ͑ambient/roughened overlayer/bulk GaP͒ model while ignoring a possible thin oxide film. The EMA in this case deals with the overlayer consisting of two constituents, voids ͑density deficit; v =1+i0͒ and bulk GaP ͑ c ͒. We use the Bruggeman EMA. 39 The Bruggeman EMA can be defined by the following two expressions:
where f v and f c are the volume fractions of the voids and bulk GaP, respectively, and is the complex dielectric function of the effective medium assumed here. The unknown parameters were finally determined using the LRA program in Eq. ͑1͒. The solid lines in Fig. 3͑b͒ show the Bruggeman EMA result for a sample treated in NH 4 OH solution for t = 2 s. The bulk density deficit ͑f v ͒ and the roughened overlayer thickness determined here are ϳ68% and ϳ1.2 nm, respectively, with = 0.009. We can see that the Bruggeman EMA ͑i.e., microroughness͒ gives slightly better agreement with the experimental data than Fresnel's oxide overlayer model given in Fig. 3͑a͒ . Because of a relatively thin overlayer ͑ϳ1 nm, Fig. 3͒ , however, we cannot successfully identify the actual structure of the GaP͑001͒ surface, covered with either an oxide or a roughened overlayer, from only the SE modeling. We, therefore, used ex situ AFM to independently assess the NH 4 OH-cleaned surface morphology. Figure 5 shows large-area ͑0.5ϫ 0.5 m 2 ͒ AFM images observed on GaP͑001͒ surface treated in NH 4 OH solution for 20 s. The root-mean-square ͑rms͒ roughness obtained from this image is 1.21 nm. This value is in good agreement with that obtained from the Bruggeman-EMA roughness of ϳ1.1 nm in Fig. 3͑b͒ . We can, thus, conclude that the NH 4 OH-treated GaP surface is covered with the roughened overlayer rather than the native GaP oxide. The AFM images also suggested that the GaP surface cannot be degraded so largely by long time immersion in the NH 4 OH solution. This is in direct contrast to the case of HCl etching. An increase in the roughened overlayer thickness with increasing immersion time t in HCl was observed on GaP͑111͒, GaAs͑001͒, and InP͑001͒ surfaces. 2, 12, 27 In contrast, no clear degradation of the chemically treated surfaces was observed on alkaline etched GaAs͑001͒ in NH 4 OH, KOH, and NaOH solutions. 
B. Atomic force microscopy
C. X-ray photoelectron spectroscopy
The chemical composition of the GaP͑001͒ surface before and after NH 4 OH etching is characterized using XPS. Figure 6 shows the XPS survey spectra for ͑a͒ as-degreased and ͑b͒ NH 4 OH-etched GaP for t = 20 s. Considerable amounts of oxygen species are detected on the as-degreased surface. On the other hand, minor quantity of oxygen species can be found on the NH 4 OH-etched GaP͑001͒ surface. Some of the oxygen detected in Fig. 6 may be associated with gallium and phosphorous bonded to oxygen as in Ga 2 O 3 and P 2 O 3 . Carbon contamination on the as-degreased and NH 4 OH-etched surfaces may be mainly due to adsorbed CO 2 , CH 4 , etc. The Ga 2p peaks at ϳ1110 eV are also detected more clearly on the NH 4 OH-etched surface than on the as-degreased one.
We show in Figs. 7͑a͒ and 5͑b͒ the XPS spectra in the Ga 2p 3/2 region for the samples treated in NH 4 OH solution for t =0 ͑as degreased͒ and 20 s, respectively. The main peaks in Fig. 7͑a͒ at ϳ1117 and 1118 eV are, respectively, due to the Ga-P bond and the GaP oxide ͑Ga 2 O, Ga 2 O 3 , etc.͒. 40 We can conclude from Fig. 7 that the NH 4 OH etching removes the native GaP oxide; however, complete removal of the oxide cannot be achieved even after longer etching. This may be due to the fact that the NH 4 OH etching can completely remove the native GaP oxide and leave a bare GaP surface but, as soon as the sample is exposed to air, an oxide regrowth starts to occur. The growth rate of the native oxide film on the GaP͑111͒A surface was studied using SE. 27 The air-exposure time dependence of the oxide film thickness showed a logarithmic behavior yielding a rate of about 0.3-0.44 nm/decade. This value is slightly smaller than that reported on the GaAs͑001͒ surface, about 0.4-0.7 nm/decade. 41, 42 Figures 8͑a͒ and 8͑b͒ show the XPS spectra in the P 2p region for the samples treated in NH 4 OH solution for t =0 ͑as degreased͒ and 20 s, respectively. The P 2p peak at ϳ130 eV can be deconvoluted into the two peaks, P 2p 3/2 and P 2p 1/2 , with a peak energy difference of ϳ0.9 eV. The binding energy of the native oxide is seen at energy about 5 eV higher than that of the P 2p core level. The XPS spectra shown in Fig. 8 verify the native oxide removal by NH 4 OH etching, but suggest the presence of a newly grown oxide film on the etch-cleaned surface ͓Fig. 8͑b͔͒.
The native oxide thickness d ox can be estimated from the measured XPS intensity of oxide I ox and of GaP I GaP by the following expression:
where is the takeoff angle ͑45°͒, GaP and ox are, respectively, inelastic mean free paths of the photoelectrons in GaP and its oxide, and GaP and ox are the atomic densities of GaP and its oxide, respectively. No detailed experimental data have been reported on GaP and ox to date. Therefore, we use the theoretical values of GaP = 2.65 nm and ox = 3.14 nm in the Ga 2p 3/2 spectral region ͑E ϳ 1118 eV͒. These values are calculated from a model proposed by Tanuma et al. 44 From Eq. ͑4͒ we then obtain the oxide layer thicknesses of d ox ϳ 1.6 and ϳ0.3 nm for t =0 s ͓as degreased, Fig. 5͑a͔͒ and 20 s ͓Fig. 5͑b͔͒, respectively. Dagata et al. 45 and Dagata and Tseng 46 reported that the freshly etched GaAs surface has a 2-3 ML ͑mono-layer͒ oxygen coverage. Our present value d ox ϳ 0.3 nm ͑t =20 s͒ is found to be smaller than the GaAs value of Dagata et al.
As mentioned before, the oxide thickness d ox in Fig. 4 corresponds to the modeled equivalent dielectric layer thickness of the GaP oxide, including an effect of the surface microroughness. From the apparent oxide thickness d ox ϳ 1.3 nm derived in Fig. 4 ͑t =20 s͒ and the previously ob- 
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tained XPS oxide thickness ϳ0.3 nm, we can estimate the equivalent oxide thickness of the surface microroughness on the t = 20 s sample to be ϳ1.0 nm. This value is in reasonable agreement with the AFM rms value, ϳ1.2 nm, derived in Fig. 5 .
D. Wettability
Wettability measurement is a very surface-sensitive technique that has been previously shown to be able to detect changes on semiconductor surfaces. [2] [3] [4] [5] [6] 47, 48 A straightforward method to determine wettability is to measure the contact angle of a drop of water on the surface. 49 If the wettability is high, the contact angle will be small and the surface is hydrophilic. On the contrary, if the wettability is low, will be large and the surface is hydrophobic.
We plot in Fig. 9 the contact angle measured on GaP͑001͒ versus immersion time t in NH 4 OH solution. As mentioned before, the starting samples used here were covered with native oxide. The contact angle measured for this sample ͑t =0 s͒ is ϳ50°. As seen in Fig. 9 , decreased rapidly with increasing t and then showed a saturated value of ϳ12°.
The clean silicon surface is known to be hydrophobic and is near 90°, while the SiO 2 layer of enough thickness is hydrophilic and is near 0°. 50 Matsushita et al. 51 studied ͑H 2 SO 4 /H 2 O 2 /H 2 O͒-, HCl-, and HF-treated GaAs surfaces by means of the contact-angle measurements. They reported that such acid cleaned GaAs surfaces are hydrophobic. It is also shown that the HCl-and HF-treated GaAs and InP surfaces are hydrophobic. 2, 3, 8, 12 These results are in direct contrast to those obtained on alkaline etched GaP and GaAs surfaces ͑i.e., hydrophilic͒. The inset in Fig. 9 shows the KOH-treated GaAs data taken from Ref. 21 . We also studied the chemical treatment effects using commercially available semiconductor cleaning solution, namely, a Semico Clean 23 ͑pH 13.0͒. 52 The contact-angle results using this solution were found to be essentially the same as those presented in Fig. 9 ͑hydrophilic͒.
Hydrophilicity and hydrophobicity are related to the existence of certain chemical species on the surface. 49, 53 The origin of hydrophilicity can be attributed to singular and associated hydroxyl groups on the GaP and GaAs surfaces, while the hydrophobic surfaces on acid ͑HCl and HF͒ treated surfaces may be mainly characterized by the Cl ͑H͒-terminated surfaces. It is well known that the concentrated HCl solutions produce stable, Cl-terminated III-V semiconductor surfaces ͑see Ref. 4͒.
IV. CONCLUSIONS
SE, ex situ AFM, XPS, and contact-angle measurements were carried out to obtain information about GaP͑001͒ surfaces treated in 25% NH 4 OH solution. The SE data clearly indicated that the NH 4 OH solution causes removal of the native GaP oxide immediately upon immersing the sample in the solution. The XPS data confirmed the removal of the native oxide from the surface. A Bruggeman-EMA-LRA simulation suggested the presence of a roughened overlayer of ϳ1.2 nm thick on the NH 4 OH-treated surface. This value is in excellent agreement with the AFM rms value ͑1.21 nm͒. The XPS data also suggested an oxide overlayer of ϳ0.3 nm thick on the etch-cleaned GaP͑001͒ surface. This may be an oxide film newly grown as soon as the sample was brought out into the air. The contact-angle measurements also suggested that the as-degreased GaP surface is hydrophobic, while the NH 4 OH-cleaned surface is hydrophilic. This conclusion is in direct contrast to acid cleaned surfaces. The origin of hydrophilicity may be singular and associated hydroxyl groups bonded on the III-V semiconductors, while the acid cleaned hydrophobic surfaces are mainly characterized by halogen and hydrogen species terminated at the III-V semiconductor surfaces.
